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The present work is trying to explain a discrepancy between experimental 
observations of the drainage of foam films from aqueous solutions of sodium do-
decyl sulfate (SDS) and the theoretical DLVO-accomplished Reynolds model. It is 
shown that, due to overlap of the film adsorption layers, an adsorption compo-
nent of the disjoining pressure is important. The pre-exponential factor of the ad-
sorption component was obtained by fitting the experimental drainage curves. It 
corresponds to a slight repulsion, which reduces not only the thinning velocity as 
observed experimentally but corrects also the film equilibrium thickness. 
 
Karakashev et al.1 have investigated the drainage of foam films of dilute aqueous solution 
of sodium dodecyl sulfate within the concentrations range 1-100 µM. They tried to describe the 
kinetics of foam film thinning by the Reynolds lubrication approximation accounting for the Ma-
rangoni effect, surface shear viscosity and DLVO forces. Significant discrepancy between the 
theoretical prediction and the experimental results was observed. The detailed analysis showed 
that the deviation of the theory from the experimental data originates from the interaction be-
tween the film surfaces. Therefore, it was concluded that the classical DLVO theory only is not 
sufficient to match the experimental data. It was suggested that the discrepancy between theory 
and experiment is due to a neglected variation of the adsorption component of the surface ten-
sion during the film drainage. Large number of literature confirms the applicability of the DLVO 
theory to foam films. However, number of papers2-6 report deviations of this theory from exper-
imental data. This discrepancy is pronounced mostly in thin films between hydrophobic surfaces. 
To solve the problem some authors7-11 introduced in the theory an additional non-DLVO force, 
the so-called hydrophobic force, which can be attractive or repulsive.12-14 There is number of at-
tempts in the literature15-19 to explain the nature of the hydrophobic interaction but still no full 
agreement of the opinions is reached. The classical DLVO theory does not account also for other 
interactions in the thin liquid films. For instance, the interactions between the overlapping diffu-
sive adsorption layers should contribute to the overall interaction between the film surfaces and 
this contribution should increase with decreasing film thickness. 
The idea of the adsorption interaction between the film surfaces originates from the 
work of Ash, Everett and Radke20 and it is further developed by the Russian school of colloid 
chemistry. The dispersion interaction between the solutes and the film surfaces is accounted for 
21-23 and it results in a correction in the van der Walls component of the disjoining pressure. This 
additional adsorption term in the total interaction between the film surfaces could be important 
but it has been overlooked in a large volume of literature causing diversity of the opinions re-
garding the hydrophobic interaction. The reason for this is that the researchers cited above have 
described the surfactant distribution only as a result of interactions with the surfaces but ne-
glected the interactions between solute molecules. Of course, the latter are not important in di-
lute solutions far away from the surface, but when the adsorption is considered the concentra-
tion near a surface is tremendously increased. Tsekov and Schulze17 suggested first a clear ther-
modynamic interpretation of the adsorption term in the total disjoining pressure. They called it 
hydrophobic force, since the origin of the adsorption is the surface hydrophobicity and the sur-
factant ability to reduce it. The aim of this paper is to employ this approach for explanation of 
our experimental data.24 The good agreement will certainly draw attention on the importance of 
the adsorption disjoining pressure. 
According to the thin liquid film thermodynamics any change of the film free energy F  at 
constant temperature is given by 
 
i idF pdV dA dn               (1) 
 
where the extensive film parameters are volume V , film area A  and number of moles { }in  of 
the film components. The relationship between the intensive parameters pressure p , film ten-
sion   and electrochemical potentials { }i  is given by the Gibbs-Duhem equation 
 
0i iVdp Ad n d               (2) 
 
It is known that the thin liquid films are anisotropic structures25 and their pressure tensor pos-
sesses two distinct components, the normal and tangential ones. At equilibrium the normal 
component of the pressure tensor equals to the gas pressure outside, while the tangential com-
ponent equals to the pressure in the meniscus adjacent to the film. The pressure p  is the nor-
mal component of the pressure tensor. The film tension   consists in two additives,26 where 
/h V A  is the film thickness, 
 
2 h              (3) 
 
The purely interfacial part is twice the film surface tension   while the ‘bulk’ part is accounted 
by the disjoining pressure  . Introducing Eq. (3) in Eq. (1) the latter changes to 
 
( ) 2 i idF pAdh p hdA dA dn              (4) 
 It is obvious now that the normal and tangential components of the film pressure tensor are not 
equal and the disjoining pressure is their difference. 
Using Eq. (3) one can derive an alternative form of Eq. (2) 
 
(2 ) 0i iVdp Ad h n d              (5) 
 
After Gibbs the film can be idealized by filling it with the bulk liquid from the meniscus. Hence, 
subtracting from Eq. (5) the Gibbs-Duhem relation L i idp c d   for the liquid in the meniscus, 
where { }ic  are the concentrations of the chemical components there, and keeping in mind that 
Lp p  , one yields an important interfacial Gibbs-Duhem relation
27 
 
/ 2i id d dh               (6) 
 
where { ( ) / 2 }i i in cV A    are the component adsorptions. Eq. (6) provides straightforward an 
important definition of the disjoining pressure as the thickness derivative of the film surface ten-
sion 
 
2( )
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as well as the following Maxwell relation for the disjoining pressure 
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The latter already hints the important effect of adsorption on the disjoining pressure.28,29 
Since the surfactants could be charged species the film surface tension depends on elec-
trostatics as well. It can be split into superposition of water, electrostatic and adsorption compo-
nents, 
W EL AD   , which are independent if the surface potential s  does not depend 
on the film thickness. Thus, during the film drainage the adsorptions and surface charge density, 
respectively, can vary but the electrostatic component EL  will not be affected by. At constant 
temperature the water component depends only on the film thickness, while the surfactant 
component depends on the adsorption. Substituting this presentation in Eq. (7) the disjoining 
pressure splits also into three distinct components 
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where 2( / )VW W h       and 2( / )EL EL h       are the well-known van der Waals and 
electrostatic components. Indeed, at low surface potentials the electrostatic component of the 
surface tension equals to 20 tanh( / 2) / 2EL s h     , where   is the reciprocal Debye length, 
and the corresponding electrostatic disjoining pressure 2 2 20 / 2cosh ( / 2)EL s h       acquires 
its classical form.30 
Let us consider now the last adsorption component of the disjoining pressure in Eq. (9). 
To calculate its thickness dependence of adsorption one can employ the Maxwell relation (8). 
Introducing the following definition ( ) ( )hX X h X     for a difference between the values of 
a property X  of the equilibrium films with thickness h  and infinity, respectively, one can write 
h Lp . Note, that changing the film thickness only its tangential pressure component 
changes, while the normal one ( )G Lp p h   remains constant. Thus, the Maxwell relation (8) 
can be consecutively modified to 
 
2( ) ( ) ( )i Lh h h h i
i i
p
c
h

 
    
  
       (10) 
 
Knowing the adsorption isotherm ( )i ic   at constant surface potential one is able to integrate 
this equation to obtain the thickness dependence of adsorption. If the changes of the concentra-
tion and adsorption, respectively, are small one can employ the following linear relationship 
h i i h ia c    , where ( / )i i i ha c     is the adsorption length on a single flat liquid/gas inter-
face. The latter, representing the thickness of the adsorption layer, depends on the adsorption 
equilibrium constants and 
s . Solving now the linearized differential equation (10) yields 
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where 0{ }i   is the difference between the adsorptions in a surfactant bilayer ( 0h ) and on a 
single flat surface (h ). Substituting now this expression into the definition of the adsorption 
disjoining pressure from Eq. (9) leads to 
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Note that depending on the sign of 
0{ }i  , the adsorption disjoining pressure can be either pos-
itive or negative. It could be also zero if no changes in the adsorption in a bilayer and on a single 
flat surface take place. This is probably the most widespread case, which explains why the ad-
sorption disjoining pressure is still not well studied. The present thermodynamic theory cannot 
give any value of 
0{ }i   but just assuming them describes the thickness dependence of their 
effect. 
The drainage of thin liquid films depends substantially on the mobility of film surfaces.25 
Our present estimates show, however, that within the specified SDS concentration range the 
Marangoni effect is always strong enough to block the tangential flow on the film interfaces. 
Hence, the drainage velocity can be well approximated by the classical Stefan-Reynolds equation 
 
3
2
2 ( )
3
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
          (13) 
 
where p  is the capillary pressure, R  is the film radius, and   is the liquid viscosity. 
The disjoining pressure in Eq. (13) is of crucial importance for the modeling of the drain-
age. How it was shown above,   is a superposition on the van der Waals, electrostatic and ad-
sorption components. To determine the effect of the adsorption disjoining pressure correctly 
reliable expressions for the DLVO components are required. The van der Waals disjoining pres-
sure between the film surfaces can be estimated from the expression 3/ 6VW A h    . Since 
the film thickness h  is always larger than 150 nm and the Hamaker constant is about 
212 10A    J, the van der Waals disjoining pressure is negligible for the present system. At con-
stant surface potential, the electrostatic disjoining pressure, calculated by the exact numerical 
solution of the non-linear Poisson-Boltzmann equation, is semi-analytically described as31 
 
2 1 232 tanh ( / 4)[(1 cosh ) sinh ( / 4)exp( )]EL RTc y h f y f h
          (14) 
 
where 2cosh(0.332 0.779)f y   for 7y  , /sy F RT   is a dimensionless surface potential 
on a single flat air/solution interface. In the case of a single surfactant Eq. (12) reduces to 
 
0 exp( / 2 ) /AD AD h a a             (15) 
 
where 0 AD   is the difference of the adsorption components of the surface tension on the bi-
layer and on a single flat interface. Here a  is the surfactant adsorption length. Since 0 AD   
could be either positive or negative depending on the interactions between the two monolayers 
of the bilayer, 
AD  could be also repulsive or attractive, respectively. In order to compare the 
above theory with the experimental data, Eq. (13) was numerically integrated using a fourth-step 
Runge-Kutta method. A macro was written in the VBA (Visual Basic for Application) programming 
language available from Microsoft Excel. The measured values for the zeta potential were adopt-
ed for the surface potential 
s  in EL .The adsorption lengths a  are determined by the model of 
Kralchevsky et al.32 The computed film thickness vs. time was compared with the experimental 
one for each of the SDS concentrations in order to obtain the best fit of the free parameter 
0 AD   (see Fig. 1). 
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Figure 1. Examples of experimental data and theoretical fits of the films thickness vs. time for 
some SDS concentrations. The last plot presents the equilibrium film thickness vs. SDS concen-
tration. 
These data along with the capillary pressure are presented in Table 1. The juxtaposition 
between the experimental and theoretical film thickness vs. time is presented in the comple-
mentary material attached to the paper. Table 1 shows that the adsorption disjoining pressure is 
positive since 0 0AD   , which corresponds to additional (non-DLVO) repulsion between the 
film surfaces. This repulsion originates from the overlap of the adsorption layers of the two film 
surfaces. The latter indicates that the adsorption component of the film surface tension increas-
es with the decrease of the film thickness. Hence, the surfactant adsorption for this particular 
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case (SDS) diminishes during the film thinning. In general, the adsorption disjoining pressure 
should disappear at zero SDS concentration. As expected 
0 AD   increases with increasing surfac-
tant concentration. Since the adsorption length a  reduces with increasing of c , the adsorption 
disjoining pressure becomes shorter ranged and stronger. 
 
Table 1. Capillary pressure p , zeta potential s , adsorption length a  
and fitting parameter 
0 AD   vs. concentration of SDS 
c [µM] p  [Pa]  s  [mV] a  [nm] 0 AD   [µN/m] 
1 72.6 -63.0 275 7 
5 72.5 -56.1 275 7 
8 72.5 -52.7 275 7 
10 72.4 -49.2 275 7 
50 72.4 -48.6 274 7 
100 71.8 -48.0 274 10 
500 70.0 -52.8 249 13 
 
 
Figure 2. Electrostatic EL , van der Waals VW , adsorption AD  and total   disjoining pres-
sures vs. the film thickness for 10 µM SDS solution. 
A general question here is how large is the contribution of the adsorption disjoining pressure in-
to the total disjoining pressure. Another question is if this non-DLVO force is long or short 
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ranged. One can find answers of these questions in Fig. 2, which shows the electrostatic 
EL , 
van der Waals 
VW , adsorption AD  and total   disjoining pressures vs. the film thickness. The 
straight dashed line in the figure represents the sucking capillary pressure p . As seen the ad-
sorption interaction between the film surfaces is decaying upon the film thickness much weaker 
than the electrostatic and van der Waals interactions. The contribution of the adsorption interac-
tion to the total interaction between the film surfaces is significantly small. However, above a 
given film thickness (ca. 300 nm for the particular case of 10 M  SDS) the adsorption interaction 
prevails over the electrostatic one. Despite being long-ranged, the adsorption disjoining pressure 
cannot become equal to the capillary pressure at any film thickness due to its small value. This 
means that in absence of electrostatic disjoining pressure an equilibrium film cannot be formed 
and the film will thin until rupture. The absence of adsorption interaction, however, will reflect in 
a significantly smaller equilibrium thickness of the film (95 nm instead of 160 nm) and faster film 
drainage. 
The present paper proves the existence of adsorption non-DLVO disjoining pressure be-
tween the foam film surfaces. It originates by the overlap between the adsorption layers and can 
be attractive, repulsive or vanishing. The adsorption disjoining pressure is related to the proper-
ties of the adsorption layers. It is part of the hydrophobic interaction between the film surfac-
es.17 If the surfactant adsorption diminishes upon the decrease of the film thickness the adsorp-
tion interaction is repulsive and vice versa. We mention here as well that such films develop 
streaming potential upon their drainage.33 This theory is validated by experiment on kinetic of 
thinning of foam films from SDS within the concentration range 1-500 µM. Fit upon the parame-
ter 
0 AD   for each one of the concentrations is performed. As expected 0 AD   increases with 
increase on the surfactant concentration. Thus defined the adsorption interaction does not differ 
from this one defined by Tsekov and Schulze17 and Wang and Yoon.12,13 A more detailed study 
for the effect of the adsorption isotherm on the adsorption component of the disjoining pressure 
can be found in Ref.34 
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